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Abstract 
Precast construction has received increasing attention during 
the past decades. Faster construction, higher quality, and 
relatively lower construction cost are among the main benefits 
of precast structures. However, poor seismic performance has 
been observed for precast structures during past earthquakes. 
This paper reviews the seismic-induced damage to the precast 
structures during past earthquakes and presents existing 
precast buildings' seismic vulnerability studies. The focus of 
this paper is on the seismic performance of beam-to-column 
precast joints. The review also includes the recent 
advancement in the development of wet and dry type precast 
beam-to-column connections. 
Keywords – Precast building, Precast joint, Seismic damage, 
Dry connection, Wet connection 
 
I. INTRODUCTION  
Although the extensive network of underground tunnels 
indicates the application of precast structures in ancient Rome, 
the first precast concrete skeletal frame was built in the United 
Kingdom in 1897 [1]. In general, precast construction has 
gone through five different development stages. Developing 
years (1920–1940), mass production and standardization 
(1945-1970), lightweight and long-span construction (1970–
2000), thermal mass period (2000 to date), and the automated 
period (a new era  are the five main development stages of 
precast concrete structures [1]. Nowadays, many different 
types of structures are built through the precast method. 
Bridges, culverts, retaining walls, foundations, schools, 
parking structures, and office buildings are a few examples of 
precast construction. One main reason for the widespread 
precast construction is   cost saving. Precast construction 
allows for a convenient pre-tensioning of structural members, 
which significantly reduces the material and labor 
requirements compared with the cast-in-place construction. 
For example, compared with an in-situ construction method, 
the precast pre-stressed construction approach saved 55% of 
concrete quantity and 40% of reinforcing steel in the 33-story 
Ala Moana Building in Honolulu, Hawaii [2]. Another study 
showed that constructing a 10-story parking building, the 
direct cost required for a steel frame with the composite floor 
was 23.10% higher than the precast frame with precast 
concrete floor [3]. Precast construction is also a sustainable 
process. The concrete used in the precast construction has a 
high thermal mass; therefore, it absorbs and releases the heat 
slowly, which results in a long-term energy saving. Besides, 
precast structures require less material and produce less solid 
waste during the construction stages. A study conducted by 
Shen et al. [4] indicated that up to 70.70% of the cost of using 
cast-in-situ concreting could be saved by reusing precast 
slabs. Moreover, the precast construction resulted in higher 
quality and increased durability. 
It has been shown that some factors have had a negative 
impact on the development of precast construction. For 
instance, the study conducted by Polat [5] showed that the 
level of standardization, lack of expertise, design issues, and 
the transportation cost reduced the share of precast concrete 
systems in the United States. Arditi et al. [6] reported the 
inadequate education in the structural and architectural design 
of precast structures as one of the main factors influencing 
precast structures' application. They also indicated that poor or 
inconsistent performance of precast structures during past 
earthquakes was another factor affecting precast technology in 
the United States. It should be mentioned that the seismic 
performance of precast structures has attracted the attention of 
many engineers and researchers during the past decades. For 
example, seismic performance of precast concrete columns 
[7–9], precast concrete wall [10–14], precast concrete 
diaphragms [15–18], precast frames [19–21], precast cladding 
[22,23], and precast joints [24–27] have been investigated. 
More detail of such investigations can be found in [28]. 
This review paper discusses the seismic performance of 
existing precast structures during past earthquakes, 
emphasizing on the seismic-induced damage to beam-to-
column joints. The conducted experimental tests on precast 
buildings' seismic response have been reviewed, and the 
recent advancement in precast connections has been 
introduced. 
 
II. SEISMIC-INDUCED DAMAGE TO PRECAST 
STRUCTURES 
The construction industry has widely employed precast 
structures in many countries. As mentioned earlier, fast 
construction and erection, reduced construction cost, better 
construction quality, ease in quality assessment, continuous 
production even under the harsh environmental condition, and 
enhanced safety are benefits that a precast construction 
scheme offers. However, besides such desirable advantages, 
there are some drawbacks related to the precast structures. 
Similar to many structures that have not been designed for 
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seismic actions [29–33], one main disadvantage of using 
precast structures is their vulnerability when subjected to 
strong lateral loads. Belleri et al. [34] investigated the seismic 
performance of seven one-story precast concrete structures not 
designed for seismic loads after the Emilia earthquake in Italy. 
They reported several local and global collapses. It was 
observed that the beam-to-column connections of studied 
structures mainly relied on friction without additional 
mechanical devices. They reported that the seismic 
vulnerability of the investigated precast structures was mostly 
related to the following factors: 
i. Lack of mechanical connections between the precast 
structural elements led to the insufficient transfer of 
horizontal force from beams to columns. 
Consequently, it resulted in the loss of support and 
falling of beams, and then roof elements drop. 
ii. Inadequate design and detailing of ductile elements 
iii. Deficient and highly-flexible diaphragms 
iv. Displacement incompatibility between structural and 
non-structural elements 
Another investigation on the seismic vulnerability of precast 
industrial building in Italy after the Emilia earthquake was 
carried out by Magliulo et al. [35]. They reported that the 
vulnerability of friction beam-to-column connections was also 
due to the high friction coefficient (c = 0.35) suggested by 
past Italian codes. It should be mentioned that the current 
Italian code requires the use of mechanical devices as a 
connector between the precast elements [34]. Fig.1 shows one 
of the damaged precast concrete structures after the Emilia 
earthquake.  
Seismic-induced damage to precast structures has also been 
reported in Turkey. One-story industrial buildings represent 
the most common form of precast construction in the 
northwest and central Turkey [36]. During the Marmara 
earthquake in 1999, many of precast buildings suffered severe 
damage. Posada and Wood [36] reported two types of damage 
to the precast buildings. The first type of damage was related 
to the formation of plastic hinges at the base of columns. 
However, the second type was due to the pounding of precast 
elements at the roof level. They also mentioned that in some 
under construction precast buildings, the roof girders rotated 
off their supports and resulted in partial collapse, as shown in 
Fig.2. As shown in Fig.3, approximately one-third of 318 
single-story schools constructed by precast elements in the 
Kachchh region had roof collapses after January 26, 2001 
Bhuj earthquake in India [37]. The inadequate connection 
between the roof panels, insufficient seating length, and weak 
anchorage of roof panels were the main reason for the 
observed damages. It was stated that the suitably of using 
precast buildings in countries with high seismicity like India 
requires more study.  
Zhao et al. [38] investigated building structures' performance 
during the 12 May 2008 Wenchuan earthquake in China. They 
reported that the out-of-plane collapse of the clay brick gable 
was a common failure mode observed in the facade of many 
precast reinforced concrete industrial sheds. Investigations 
showed that although few precast buildings survived the 
earthquake, some were damaged significantly. Fig.4 shows 
one of the partially collapsed precast industrial buildings and 
the observed damage to its roof elements during the 
Wenchuan earthquake in China. Mitchell et al. [39] 
investigated precast parking structures' seismic performance 
after the Northridge earthquake in the USA. They reported 
that about 90% of the precast parking structure in southwest 
corner of Northridge Fashion Center was collapsed. 
Inadequacy of the diaphragm to properly transfer the loads 
through connections and ties was found to be one of the main 
reasons for the observed damage. They suggested that 
adequate connections between beams and columns and 
adequate load paths must be provided for lateral forces 
through floor and roof diaphragms in precast structures in 
seismic prone areas. 
 
 
Fig 1 A damaged industrial precast building after Emilia 
earthquake in Italy  
(reprinted from [34], Copyright ASCE, 2001) 
 
 
Fig 2 Seismic induced damage to precast industrial buildings 
in Turkey 
 (reprinted from [36] ) 
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Fig 3 Seismic induced damage to the single-story precast 
schools in India (reprinted from [37], Copyright EERI, 2001) 
 
 
Fig 4 A damaged precast industrial building in China 
(reprinted from [38], Copyright Elsevier, 2009) 
 
III.  NUMERICAL AND EXPERIMENTAL 
INVESTIGATIONS ON THE SEISMIC 
PERFORMANCE OF EXISTING PRECAST 
BUILDINGS 
During past decades, the seismic performance of existing 
precast structures has been investigated by many researchers. 
Kothari et al. [40] subjected one monolithic portal frame and 
two portal frames with a cleat angle and reinforced concrete 
(RC) corbel connections to lateral loads. They reported that 
the portal frame with cleat angle showed almost similar 
behavior to the monolithic portal frame. In another study, the 
seismic performance of precast single-story frames with a 
pinned connection was investigated through a series of shake 
table tests [41]. A comparison was made between the shake 
table test results and the results of a pure shear cyclic test on 
the specimens with the same geometry. It was observed that 
the shake table tests led to less damage to the specimens when 
compared with the pure shear test. Results also indicated that 
the pinned connections were able to accommodate large 
rotations. Besides, it was reported that the vertical component 
of earthquakes had an insignificant effect on the seismic 
response of tested specimens.  
Ercolino et al. [42] investigated the seismic vulnerability of 
precast single-story buildings designed according to the 
current Italian seismic code through numerical simulations. 
They concluded that the buildings were safe against the 
collapse mainly because of their relatively high structural 
overstrength factor. A seismic fragility model for the Italian 
RC precast buildings was proposed by Casotto et al. [43] in 
order to be used in earthquake loss estimation and seismic risk 
assessment. A good agreement with preliminary empirical 
fragility functions based on field data was observed. The 
effects of different variables on the behavior of precast 
structures with dowel pin connections were investigated by 
Clementi et al. [44]. The obtained results indicated the 
significant role of the connection between members. In 
another study, the seismic behavior of existing precast 
structures built in Italy between the 1950s and the 1970s was 
investigated by Magliulo et al. [35]. The obtained results from 
nonlinear dynamic analyses indicated that the beam-to-
column connections could fail under the medium intensity 
earthquakes, which could result in severe damage to the 
precast structures. 
A full-scale 3-story precast concrete building was subjected to 
the pseudo-dynamic tests by Negro et al. [45]. The tests 
included the behavior of traditional as well as innovative 
connections. Besides, the effect of shear walls on the seismic 
response of the building was studied. It was observed that the 
conventional shear connectors (i.e., dowel bars) experienced 
large deformations under the design level earthquake. It was 
also reported that the precast walls were able to decrease the 
inter-story drift ratios to the required limit states. Sucuoglu 
[46] showed that precast structures could have a similar 
response to the monolithic counterparts when their beam 
fixity factors were above 0.8. It was also indicated that 
bending moments in beams were not sensitive to the rigidity 
of connections under the applied lateral loads. 
 
IV. RECENT ADVANCMENT IN PRECAST BEAM-TO-
COLUMN CONNECTIONS 
Precast elements are connected to each other by two different 
approaches: a dry or wet connection. Compared to the wet 
connections, the dry connections have a higher cost and need 
experienced workers to install them [47]. On the other hand, 
dry connections can be installed faster and have higher 
quality. In the following sections, the advancement in the dry 
and wet connections have been presented.  
 
IV.I DRY CONNECTIONS 
A hybrid precast beam-to-column connection was proposed 
by Ghayeb et al. [48]. As can be seen from Fig. 5 the 
connection makes use of protruding steel plates embedded at 
the end of the precast beam connect it to a precast column. It 
can also be seen that the precast column comprises two steel 
tubes with a circular hollow section embedded at the top and 
bottom ends of the precast column. The embedded inside steel 
plates of the precast beam are connected to the steel tubes 
through bolts and nuts. To evaluate the proposed connection's 
seismic performance, it was subjected to a cyclic loading, and 
the obtained results were compared with a monolithic 
reinforced concrete joint. The proposed connection exhibited 
stable load-displacement cycles, and its energy dissipation 
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was higher than the monolithic specimen. They concluded that 
the proposed connection had a satisfactory response against 
seismic loads.      
 
Fig 5 A hybrid precast beam-to-column connection (reprinted 
from [48], Copyright Elsevier, 2017) 
 
Bahrami and Madhkhan [49] proposed an inverted E corbel 
for precast beam-to-column  connections. As shown in Fig. 6 
the proposed connection has an E-shaped steel corbel 
connected to the column by welding the steel plates of the 
corbel to four vertical bars embedded on the column's surface. 
The beams' bottom part is connected to the column through 
corbel and two threaded bars and nuts. The upper side of the 
beam is connected to the column by two threaded bars that 
pass through the beam's stirrups and two holes made in the 
column. It was reported that the proposed connection had a 
comparable load-bearing and deformation capacities to that of 
a monolithic specimen. However, its energy dissipation 
capacity was less than the monolithic specimen.  
 
 
Fig 6 An inverted E corbel for precast beam-to-column 
connection (reprinted from [49], Copyright Springer, 2017) 
 
Shufeng et al.  [50] proposed a precast beam-to-column 
connection with an endplate. As Fig. 7 shows the endplate is 
connected to the precast beam through the welding of two 
anchor plates that are located at the top and bottom of the 
precast beam. The precast beam is connected to the precast 
column by six high-strength pre-stressed bolts that pass 
through the column. The proposed connection was subjected 
to the quasi-static cyclic loading, and its hysteretic curve was 
investigated. The displacement ductility ratio of the 
connection varied between 2.6 to 3.4. Besides, a satisfactory 
energy dissipation capacity was observed for the proposed 
connection.     
 
 
Fig 7 A confined concrete beam-to-column connection with end plates (reprinted from [50], Copyright Elsevier, 2017) 
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In another study, Aninthaneni et al. [51] proposed a 
demountable precast beam-to-column connection using a steel 
endplate. As shown in Fig. 8 the endplate is welded to 
embedded steel plates located at the top and bottom of a 
precast beam. Besides, the proposed connection takes 
advantage of gusset plates at the top and bottom of the precast 
beam to increase the connection's rotational rigidity and 
moment capacity. The precast beam is connected to the 
precast column through threaded rods that pass through steel 
ducts embedded in the precast column. The obtained results 
from cyclic tests indicated that the proposed connection's 
hysteretic behavior is similar to that of monolithic reinforced 
connecter connection. Relatively better energy dissipation was 
also observed for the proposed connection when it was 
compared with a sub-assembly of a ductile connector. 
Wang et al. [52] introduced a pre-stressed precast beam-to-
column connection that uses steel angles to transfer the shear 
force from the precast beams to the precast column (see Fig. 
9).  The precast beam's bending moment is transferred to the 
column through unbounded post-tensioned strands and mild 
steel bars. The post-tensioned strands are located at the 
centerline of beams, and the mild steel bars are placed at the 
top and bottom of beams. The post-tensioned strands are 
designed to remain elastic during seismic events, while the 
mild steel bars are allowed to yield and dissipate the input 
energy. The quasi-static cyclic test results indicated that the 
post-tensioned strands were able to limit the residual 
deformation through their self-centering characteristic. 
Besides, it was reported that the damaged connection could be 








Fig 9 A precast pre-stressed reinforced concrete beam-to-column joint (reprinted from [52], Copyright Elsevier, 2018) 
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Fig 10 A new ductile moment-resisting connection for precast concrete frames (reprinted from [53], Copyright Elsevier, 2018) 
 
IV.II WET CONNECTIONS 
Parastesh et al. [53] proposed a wet connection for the precast 
beam-to-column connections with high ductility. As shown in 
Fig. 10 a free space is provided in the precast column that 
allows the precast beam to connect to the column. Four 
diagonal bars located at the free space of the column provides 
adequate stability during the installation process. At the 
connection zone, the precast beam has a hollow U-shaped 
cross-section. While the bottom longitudinal bars of the 
precast beams are spliced at the connection zone, the upper 
bars are continuous through the joint. The connection makes 
use of diagonal and U-shaped stirrups to enhance the shear 
strength of the connection before casting the concrete. Results 
of cyclic tests indicated that the proposed connection had 
higher initial stiffness and flexural strength compared to 
monolithic sections. Moreover, up to 46%, higher ductility 
was observed for the proposed connection when it was 
compared to the monolithic specimens.   
Lu et al. [54] employed Engineered Cementitious Composite 
(ECC) to developed a new type of wet beam-to-column 
connection. In the proposed connection, the bottom 
reinforcing bars are spliced while those at the top are 
continuous. U-shaped bars are used at the bottom of the 
precast beam to connect the precast beams' hooked bars at 
both sides of the column. A high strength ECC is used to fill 
the free space of the precast column. Results of cyclic tests 
indicated that the proposed connection had similar hysteretic 
behavior, energy dissipation, and strength degradation to that 
of a monolithic specimen. 
 
 
Fig 11 A new connection for precast concrete frames 
(reprinted from [54], Copyright Elsevier, 2018) 
 
Choi et al. [55] used steel connectors and ECC to develop a 
ductile beam-to-column connection. In the proposed 
connection, bolting steel tubes and steel plates are embedded 
in the precast column and beams, respectively. The precast 
beam is connected to the column through the embedded steel 
plates and bolts. Besides, ECC is poured in the free space of 
the precast column and beams. The cyclic test results 
indicated that the proposed connection had 15% larger 
ultimate strength compared with the monolithic specimens. It 
was also concluded that the proposed connection satisfied the 
requirement prescribed in the ACI structural guideline and 
could be used in seismic prone countries. 
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Fig 12 A new connection for precast concrete frames (reprinted from [55], Copyright Elsevier, 2013) 
 
Girgin et al. [56] investigated the seismic performance of 
hybrid beam-to-column connections that employed welded 
components. As can be seen from Fig. 13, before casting the 
precast beam, its bottom longitudinal bars are welded to an 
endplate, which rests on a corbel. The top longitudinal bars 
are continuous and are placed to designated gaps in joint 
panels. Results of cyclic tests indicated that specimens with 
un-bonded lengths on the longitudinal bars had a gradual 
strength degradation and a similar damage index to the 
monolithic specimen. 
 
Fig 13 A hybrid beam-to-column connection (reprinted from [56], Copyright Girgin, Sadik Can, Misir, Ibrahim Serkan, 
Kahraman, Serap, 2017) 
 
Ketiyot and Hansapinyo [57] proposed a new beam-to-column 
connection that used a T-section embedded in the bottom of 
the precast beam. The T-section is protruded from the end of 
the precast beam and connects the beam to the precast column 
(see Fig. 14). It should be mentioned that a steel plate which is 
welded to the protruded T-sections connects the precast beams 
located at both sides of the column to each other. On top, the 
precast beams are connected by reinforcing bars. Results of 
cyclic tests indicated that the specimens' ultimate strength 
with the proposed precast connection was lower than the 
monolithic section. It was suggested to employ a longer lap 
splice length to improve the seismic performance of the 
connection. 
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Fig 14 A beam-to-column precast connection with T-section (reprinted from [57] , Copyright Springer, 2013) 
 
Yan et al. [58] proposed a precast connection that employed 
grout sleeves. In the proposed connection, two types of grout 
sleeves are used to connect reinforcing bars. For beams, full 
grout sleeves are employed while for columns, half grout 
sleeves are used. The full grout sleeves are longer than the 
half grout sleeves and connect reinforcing bars to each other 
through grouting. However, the half grout sleeves use screw 
thread at one side and grouting at another side to connect 
reinforcing bars to each other. The results of the cyclic test 
showed that the proposed connection behaved similarly to the 
monolithic specimen. However, different crack patterns and 
deformation in the joint were observed. They also reported 
that the slippage of longitudinal bars occurred in the core 
region of the joint. 
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V. CONCLUSION  
This paper presented a review of the seismic performance of 
precast structures when subjected to real earthquakes. Besides, 
studies investigating the seismic response of existing precast 
buildings through experimental works and numerical studies 
were reviewed. The recent advances in the development of 
dry and wet precast connections were also illustrated. A 
literature review shows that the majority of existing precast 
structures have been vulnerable to seismic actions. As 
reported by many researchers, the connection failure has been 
the main reason for the structural collapse of many precast 
structures. The vulnerability of existing precast buildings 
designed and constructed without considering seismic actions 
has also been demonstrated through many experimental works 
and numerical studies. However, the strengthening of sub-
standard precast connections has not been well addressed in 
the previous works and needs further investigations.  
The diffused and lumped plasticity models have been 
successfully used to study single-story precast buildings' 
seismic response. However, such models' accuracy for 
nonlinear dynamic analysis of multi-story precast buildings 
and bridges needs to be investigated. It is also noteworthy that 
precast structures' seismic vulnerability studies have been 
limited to a few countries (like Turkey, Italy, and the USA). It 
is of great interest and importance to investigate precast 
buildings' seismic vulnerability in other countries that use 
different types of connections. Such investigations can 
enhance our understanding of the seismic response of 
different precast connections and, consequently, help us find a 
better solution for the upgrade or strengthening of deficient 
joints. It should also be mentioned that the majority of 
existing studies have focused on single-story precast industrial 
buildings, and limited studies have investigated the seismic 
response of significant precast buildings like hospitals. The 
conducted literature review also emphasizes the critical role of 
precast joints during seismic events and highlights that more 
ductile precast connections need to be developed. 
 
During past decades many innovative precast beam-to-column 
connections have been developed. The majority of such 
connections have shown an acceptable seismic performance. 
However, in many cases, the developed connections are 
complex, and their installation requires experienced workers. 
Moreover, the construction process in many developed wet 
connections takes a long time, and some need temporary 
scaffolding or support. The fabrication cost of the developed 
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